Floral scents are important pollinator attractants, but there is limited knowledge about the importance of single components in plant-pollinator interactions. This especially is true in crop pollination systems. The aim of this study is to identify floral volatiles of several European pear cultivars (Pyrus communis L.), and to determine their potential in eliciting physiological responses in antennae of honey bees (Apis mellifera L.), the most important pollinators of pear. Volatiles were collected by dynamic headspace and analysed by (high resolution) gas chromatography coupled to mass spectrometry (GC/MS) and nuclear magnetic resonance spectroscopy. Antennal responses were investigated by GC coupled to electroantennographic detection (GC/EAD). We trapped in the mean 256 ng of scent per flower and hour (flower −1 h −1 ) from the different cultivars with either linalool + methyl benzoate or methyl 2-hydroxy-3-methylpentanoate as most abundant compounds. Of the 108 detected pear floral scent components, 17 were electrophysiologically active in honey bee antennae. Among these compounds were (E)-N-(2-methylbutyl)-and (E)-N-(3-methylbutyl)-1-(pyridin-3-yl)methanimine, which were not known from nature before to the best of our knowledge. Most other compounds identified as flower scent in pear are widespread compounds, known from flowers of various other species. Our results provide new insights in the floral volatile chemistry of an important insect-pollinated crop and show for the first time that honey bees have the olfactory ability to detect several pear floral volatiles. These data are an important basis for more detailed studies of the olfactory communication between honey bees and European pear flowers and might in the long term be used to manipulate the attractiveness of pear to obtain optimal fruit set.
Introduction
Pollination by animals is one of the most important ecosystem services (Ollerton et al. 2011) , as not only wild plants but also agricultural crops benefit from animal pollination (McGregor 1976; Free 1993; Williams 1994 in Klein et al. 2007; Delaplane et al. 2000; Khan and Khan 2004; Klein et al. 2007 ). Klein et al. (2007) described an increase in yield for 39 crops due to animal pollination, which overall is responsible for an estimated 35% of global food production. The most important pollinators of fruit crops are social honey bees (McGregor 1976; Free 1993; Delaplane et al. 2000) . Nonetheless, the contribution of bumble bees (Shipp et al. 1994; Dogterom et al. 1998; Dag et al. 2006 ) and other wild bees to the pollination of crops is substantial as well (Free 1993; Maccagnani et al. 2003; Monzón et al. 2004; Holzschuh et al. 2012; Rader et al. 2016) .
Although pollinators are typically attracted to flowers by visual and olfactory cues (Bogdany and Taber 1979; De Jong and Pham-Delègue 1991; Dobson et al. 1999; Burger et al. 2010; Dötterl et al. 2011) , with the relative importance of the cues varying among pollination systems (Ômura and Honda 2005; Balkenius et al. 2006; Dötterl et al. 2011) , there is limited knowledge about the detailed communication between flowers of fruit crops and their pollinators. For a few fruit crops, however, it was just recently demonstrated that the main floral scent constituents are capable of attracting pollinators when offered as single synthetic compounds or synthetic mixtures (e.g., Cordeiro et al. 2017; El-Sayed et al. 2018; Krug et al. 2018) . Compounds involved in such interactions are, among others, a mixture of benzyl alcohol, 2-phenylethanol, hexanal, 1-hexanol, (Z)-3-hexen-1-ol, and 1-octanol in cambuci plants (Campomanesia phaea, Myrtaceae; Cordeiro et al. 2017) , 4-oxoisophorone and 3,5-dimethoxytoluene in Prunus species (apricot, P. armeniaca; European plum, P. domestica; peach, P. persica; all Rosaceae; El-Sayed et al. 2018 ) and linalool and linalool oxides in guarana (Paullinia cupana, Sapindaceae; Krug et al. 2018) . All these floral scent compounds are also known from non-crop plants (Knudsen et al. 2006) , and some thereof, such as 2-phenylethanol and linalool, also known to being involved in communication between such plants and their pollinators (Dobson 2006) .
The pear is with c. 22 million tons (data of 2013) the second most important pomaces fruit produced in the world (WAPA 2019) . Most pear cultivars (Pyrus communis L.) rely on insect pollination, as flowers are self-incompatible (Schanderl 1937; Schumacher 1989; Free 1993; Delaplane et al. 2000; Jackson 2003) . The Western honey bee (Apis mellifera L.) occurs in most of the (commercial) orchards and is overall the most important pollinator of pear (Stephen 1958; McGregor 1976; Free 1993; Delaplane et al. 2000; Jackson 2003 ; Monzón et al. 2004) . Only in some orchards is the solitary bee Osmia cornuta used as managed pollinator, and in these cases as effective as the honey bee (Monzón et al. 2004 ). The impact on pollination of dipteran and lepidopteran species, which also visit pear flowers (Mc Gregor 1976 and references therein), was not yet investigated.
Flowers of the European pear release a strong scent to the human nose; however, the scents specifically released from flowers were not identified so far. One study, however, described volatiles released from young flowering pear plants in a Teflon chamber (Baraldi et al. 1999) . Thereby, 23 compounds, mainly aliphatic compounds and monoterpenes, were detected. The monoterpenes, which were the only compounds analysed quantitatively, consisted mainly of linalool (70%) and to a lesser extent of α-pinene, limonene, and β-myrcene. All these compounds are common floral volatiles, described from more than 60% of the plant families (Knudsen et al. 2006) . None of these compounds does explain why the flower scent of pear is unpleasant and reminiscent of ammonia.
In the present study, we analysed floral scents of several European pear cultivars and identified compounds being biologically active in antennae of honey bees. Given that compounds involved in pollinator attraction (as is true for compounds eliciting repellent responses) typically elicit physiological responses in antennae of insects, GC (gas chromatography) coupled to EAD (electroantennographic detection) is an elegant way to identify those compounds among the ones detected in chemical analytical analyses that are physiologically and potentially also behaviourally active (Schiestl and Marion-Poll 2002) . So far, this technique identified several compounds biologically active in bees (i.e., Thiery et al. 1990; Wadhams et al. 1994; Dötterl 2008; Dötterl and Vereecken 2010; Klatt et al. 2013 , Jürgens et al. 2014 Mas et al. 2018 ) and, in combination with behavioural assays, presented the chemical basis of plant-pollinator interactions (Burger et al. 2010; Milet-Pinheiro et al. 2013 , 2015 Schäffler et al. 2015) .
The aim of this study was to chemically characterize the floral scent of pear, which is strong and reminiscent of ammonia, and to identify those compounds thereof, which are physiologically active in honey bees, its main pollinator. Specifically, we identified (i) compounds emitted by the flowers of ten pear cultivars using (high resolution) gas chromatography coupled to mass spectrometry (GC/MS), nuclear magnetic resonance (NMR), and chemical synthesis and (ii) analysed the antennal responses of honey bees (A. mellifera) to the emitted volatiles using GC/EAD.
Materials and methods

Study sites
Investigations were conducted in the organic nursery `Silva Nortica´ in Bad Großpertholz (BGPH, 800 m a.s.l.) Austria, and on a private property in Marktschellenberg (MSB, 650 m a.s.l.), Germany. Annual rainfall and average temperature are with 1200 mm and 9 °C, respectively, in MSB higher compared to 900 mm and 6.5 °C, respectively, in BGPH (Climate Data 2019). Both study sites are surrounded by meadows and wooded hills with mainly larch, spruce, and beech trees.
European pear cultivars
Worldwide, there are about 1500 pear cultivars, of which only a few varieties are commercially important (e.g., 'Conference', 'Alexander Lucas'; Agrar Markt Austria 2018; Oekolandbau 2015) . We used nine known (all available in BGPH) and one unknown (CU; available in MSB) cultivar(s) of Pyrus communis for volatile collections. The known cultivars were: `Alexander Lucas´ (AL), `Clapps Liebling´ (CL), `Conférence´ (C), `Köstliche von Charneux´ (KC), `Kongressbirne´ (KB), `Gräfin von Paris´ (GP), `Thirriot´ (T), `Vereinsdechantsbirne´ (VDB), and `Winterdechantsbirne´ (WDB). All these cultivars are old varieties, which were select due to their importance in Europe and their availability in the nursery. One individual was available for each cultivar except for AL and CL, for which two individuals each were used (AL 1, AL 2, CL 1, and CL 2). Sampled trees were between 3 and 20 years old. This sampling regime does not allow to specifically test for differences in scent among cultivars, however, gives a good overview of volatiles released from common pear. Thus, when we subsequently use the term "cultivar", we talk about the scent of a single or two trees of a specific cultivar and not about a cultivar as a whole.
Volatile sampling
Floral scent was collected for compound identification and electrophysiological analysis from flowers in full bloom (we did not determine the exact age of the flowers) on trees of the known varieties (in situ) using dynamic headspace. Flower clusters with 5-14 flowers were enclosed in polyethylene oven bags (ca. 30 × 15 cm; Toppits ® , Melitta, Germany). Subsequently, volatiles were adsorbed in small tubes (Varian Inc. ChromatoProbe quartz microvials; 1.5 cm long, external diameter 0.25 cm, internal diameter 0.2 cm) filled with 1.5 mg each of Tenax-TA (mesh 60-80) and Carbotrap B (mesh 20-40; both Supelco, Bellefonte, PA, USA) by pulling the air inside the bag through the tubes for 15-20 min using a membrane pump (G12/01 EB, Rietschle Thomas Inc., Puchheim, Germany; Flow rate: 200 mL min −1 ). Sampling bags were covered with aluminium foil to avoid direct solar irradiation, which would result in the condensation of high amounts of water inside the bags. All trees were sampled once, except KB which was sampled twice (different flowers, data averaged). Vegetative controls, for discriminating between floral and vegetative scents, were collected from non-flowering shoots (20 cm from tip) of VDB, WDB, and twice of AL 2 using the method as described before. Controls were only taken from some of the cultivars, as we expect that the vegetative scents are similar among cultivars. Indeed, the vegetative samples of the three cultivars were very similar (unpublished data).
Volatile sampling for electroantennographic analyses and high-resolution MS (see below) was conducted similar as described before but with larger adsorbent tubes (8 cm long, external diameter 0.6 cm, internal diameter 0.4 cm), filled with 10 mg Tenax-TA and 10 mg Carbotrap B. Samples were collected on 7-10 flowers of AL 2, T, VDB, WDB (BGPH) and CU (MSB) for 4.5 h each. These five cultivars used for electrophysiology nicely represented the scents overall detected in the present study (see also results, Table 1 ). Trapped volatiles were eluted with 80 µl acetone (SupraSolv, Merck KgaA, Germany; Dötterl et al. 2005) . Overall, samples were collected between 10 a.m. and 6 p.m.
Chemical analysis
Headspace samples collected with the smaller tubes were analysed with an automatic thermal desorption (TD) system (model TD-20, Shimadzu, Japan) coupled with a GC/ MS (model QP2010 Ultra El, Shimadzu, Japan), which was equipped with a ZB-5 fused silica column (5% phenyl polysiloxane; 60 m long, inner diameter 0.25 mm, film thickness, 0.25 μm, Phenomenex, Aschaffenburg, Germany). Samples were run with a split ratio of 1:1 and helium was used as carrier gas (flow: 1.5 mL min −1 ). The temperature of the GC oven started at 40 °C, increased with 6 °C per min to 250 °C, and was held constant for 1 min. The MS interface worked at 250 °C. Mass spectra were obtained at 70 eV (El mode) from mass-to-charge ratio (m/z) 34-350. GC/MS data were processed using the GCMSolution package, Version 4.41 (Shimadzu Corporation; Heiduk et al. 2015; Oliveira et al. 2017) . Components were tentatively identified using both the mass spectral libraries Adams (2007) , FFNSC2, W9N11, and ESSENTIAL OILS (available in MassFinder 3) and the Kovats retention indices (KRI, based on n-alkane series) of compounds. We only considered compounds which had a calculated Kovats index ± 10 compared to various data bases (Nist11, Adams 2007; El-Sayed 2019). Some of the components were confirmed by comparison of mass spectra and retention times with standard components available in the reference collections of the Plant Ecology Lab of the University of Salzburg and the Institute of Organic Chemistry of the Technische Universität Braunschweig (Table 1) .
Compounds found in leaf samples were compared to those emitted from flowers. Volatiles were considered as floral compounds when they were absent in leaf samples or at least in seven times higher amounts in floral than in leaf samples. For quantitative analysis of volatiles 100 ng each of ca. 150 components, among them monoterpenes (e.g., α-pinene, linalool, linalool oxide furanoid, and lilac alcohol), aliphatic [e.g., (Z)-3-hexen-1-ol, (Z)-3-hexen-1-yl butyrate, hexanal, ethyl isovalerate, 2-tridecanone], and aromatic (e.g., benzaldehyde, benzyl acetate, benzyl benzoate, and anisaldehyde) compounds were injected into the GC/ MS system. The mean of the peak areas (total ion current) of these compounds was used to estimate the total amount of scent available in the scent samples (Marotz-Clausen et al. 2018) . A dilution series of a selected subset of these compounds revealed a linear response factor at the dosages relevant for the present study.
Solvent scent samples were analysed using a GC/MS (QP2010 Ultra, Shimadzu) provided with an AOC-20i autoinjector (Shimadzu, Tokyo, Japan). The GC was equipped with a ZB 5 fused silica column (5% phenyl polysiloxane; 30 m long, inner diameter 0.32 mm, film thickness 0.25 µm, Phenomenex) and helium was used as carrier gas (flow: 3 mL min -1 ). Samples (1 µl; split ratio: 1:1) were Table 1 Number, total and relative (% of total for compound classes and single components, with values for compound classes printed in bold) amounts of volatiles detected in floral scent samples of Pyrus communis L. cultivars (mean among cultivars and single cultivars) and their electrophysiological activity in antennae of honey bees (number of antennae responding to a specific compound). Data are based on one sample per cultivar, except for AL (AL 1, AL 2) and CL (CL 1, CL 2) with each two samples collected from two different individuals per cultivar. EADactive compounds are printed in bold. The numbers (No.) ahead of some of the compound names correspond to numbers, as given in Fig. 3 No injected at 200 °C. The effluent of the column was split (AFT splitter package, Shimadzu) into two capillaries. One thereof transferred two-thirds of the effluent to a connected EAD system (not used in this study), the other transferred one-third of the effluent to the MS. Temperature of the GC oven started at 40 °C (held for 1 min), then increased by 10 °C per min to 220 °C and held for 2 min. The MS interface worked at 220 °C and the ion source at 200 °C. Mass spectra were taken at 70 eV (El mode) from m/z 30-350 and data were processed as described above (see also Heiduk et al. 2015; Zito et al. 2015) .
Identification of (E)-N-(2-methylbutyl)-and (E)-N-(3methylbutyl)-1-(pyridin-3-yl)methanimine
Two novel compounds not found in nature before, (E)-N-(2methylbutyl)-and (E)-N-(3-methylbutyl)-1-(pyridin-3-yl) methanimine (Fig. 1) , were identified by analysis of their mass spectra, high-resolution mass spectrometry (HRMS) data, and synthesis. HRMS data were obtained with a gas chromatograph (GC 6890, Agilent Technologies) equipped with a Phenomenex ZB5-MS column (30 m long, inner diameter 0.25 mm film thickness 0.25 µm) coupled to timeof-flight mass spectrometer (JMS-T100GC, GCAccuTOF, JEOL, Japan) in EI mode (70 eV 
Electrophysiological analysis
Electrophysiologically active compounds in antennae of worker honey bees (A. mellifera) were detected using GC/ EAD. Therefore, 15 and 13 bees were collected in the Botanical Garden of the University of Salzburg while visiting flowers from mainly Geranium pratense and some other herbaceous flowers in 2016 and 2017, respectively, and stored in the dark at 4 °C. Antennae were cut off at the base and the tip and placed between two capillaries, filled with ringer solution (8.0 g L −1 NaCl, 0.4 g L −1 KCl, 0.4 g L −1 CaCl 2 ). The base of an antenna was taken up by the reference capillary, while the tip was connected to the recording capillary. The capillaries were contacted to silver wires and placed in front of the GC outlet (Heiduk et al. 2015) .
For measurements, a GC (Agilent 7890 A Santa Clara, CA, USA) equipped with a flame ionization detector (FID) and an electroantennographic detection system (GC/EAD) was used. The EAD system contained a transfer line, heated at 220 °C, and a 2-Channel USB acquisition controller (Syntech, Kirchzarten, Germany). The GC was equipped with a ZB-5 fused silica column (5% phenyl polysiloxane; 30 m long, inner diameter 0.32 mm, film thickness 0.25 µm, Phenomenex) using hydrogen as carrier gas (flow: 3 mL min −1 ). At the end, a µFlow splitter (Gerstel, Mülheim, Germany) separated the column into two capillaries of which one led to the FID (2 m × 0.15 µm inner diameter) and the other one to the EAD (1 m × 0.2 µm inner diameter) setup. Nitrogen (N 2 ) was used as make-up gas at a flow rate of 25 mL min −1 (Heiduk et al. 2015; Zito et al. 2015) . Scent samples were injected (1 µl; 250 °C) in splitless mode. The GC oven was heated to 40 °C and held constant for 1 min. After 0.5 min, the split vent opened, the temperature increased by 10 °C per min to 220 °C and was held constant for 2 min.
In 2016, responses of antennae of 10 out of the 15 bee individuals and in 2017, four out of the 13 bee individuals were used for analyses, as responses of antennae of other bees were too noisy to be analysed. Three individuals each were tested on scent samples of the cultivars VDB and WDB and four individuals each on AL 2, T and CU, with some bee individuals used for more than one cultivar. Volatiles were described as EAD-active if they showed responses in at least five different bee individuals, independent from the cultivar.
Statistical analysis
Pairwise qualitative (presence and absence of compounds; Sørensen index) and semiquantitative (relative amount of scent components; Bray-Curtis index) similarities in scent pattern among samples were calculated with Primer (version 6.1.15). These similarity matrices were used to visualise similarities and dissimilarities in scent among samples using non-metric multidimensional scaling (NMDS; Clarke and Gorley 2005) .
Results
Flower scent
The absolute amount of floral volatiles, collected on eleven P. communis trees (nine cultivars), was highly variable (56-474 ng flower −1 h −1 ; Min-Max), with an average of 256 ± 135 ng flower −1 h −1 (mean ± SD; Table 1 ). Overall, we detected 108 compounds, with 70-104 volatiles per tree/ cultivar: 13 terpenoids (together in the mean among cultivars 39 ± 14% of the total amounts of scent), 15 nitrogen containing compounds (13 ± 4%), four aliphatic compounds (17 ± 8%), two branched C 5 aliphatic compounds (2 ± 2%), one aromatic compound (methyl benzoate; co-eluted with linalool), and 73 unknown compounds (29 ± 8%). Of these 108 compounds, (E2,E4)-2,4-hexadiene, (E)-β-ocimene and linalool were also present in leaf samples, but with amounts at least seven times lower than in floral samples. Overall, 52 compounds were found in all cultivars, 78 in at least eight cultivars, and 86 in at least seven cultivars. Only 10 compounds were found in five or less cultivars, showing that there was a large overlap in scent among the different cultivars. Indeed, six (AL (1 and 2) , C, GP, KB, VDB, and WDB) of the nine cultivars emitted a quite similar spectrum of volatiles, with at least 92 compounds per cultivar ( Fig. 2A; Table 1 ), whereas samples collected from trees of KC, CL (1 and 2) and T contained less components (70-85).
More variation in scent among cultivars occurred when focusing on semiquantitative scent patterns (Fig. 2B) . Most obvious was the variation in the relative amounts of linalool + methyl benzoate, which dominated the scents of five cultivars (20-54%; KC, VDB, CL, AL, WDB), and methyl 2-hydroxy-3-methylpentanoate, which was the most abundant component in four cultivars (16-28%; C, GP, KB, T; Fig. 2B ; Table 1 ). Other compounds were also abundant (> 10% in at least one cultivar) with obvious variation among cultivars. For example, (E)-N-(2-methylbutyl)-1-(pyridine-3-yl)methanimine (see below for identification of this compound) was most abundant in WDB (13%), but contributed only 0.5% in CL 2 (Table 1) . 3-Pyridinecarboxaldehyde was detected in five cultivars (WDB, AL, GP, C, and VDB) with amounts up to 13%, whereas it was absent in the other cultivars. (E)-N-(3-methylbutyl)-1-(pyridine-3-yl) methanimine was also variable among cultivars/individuals, with only trace amounts in CL 2 and 10% in GP. 2-Aminobenzaldehyde did not reach values higher than 8% in any cultivar; however, the cultivars with the smallest loading on dimension two of the ordination (Fig. 2B ) had higher relative amounts (4-7%) of this component than all other cultivars (1-3%; Table 1 ). Among the unknowns, nine of the volatiles contributed at least a share of 2% and in the maximum 13% to the total amount of volatiles released by a cultivar/ individual, whereas the other unknowns were less abundant.
Identification of novel components
The compounds (E)-N-(2-methylbutyl)-and (E)-N-(3methylbutyl)-1-(pyridin-3-yl)methanimine (Fig. 1A, B) were newly identified in the present work. They showed similar mass spectra, and HRMS data revealed the molecular composition to be C 11 H 16 N 2 (found 176.13,262 and 176.13,370, calc. 176.13135) . The major ions m/z 92, 98, and 119 had compositions of C 6 H 6 N, C 6 H 12 N, and C 7 H 7 N 2 , respectively. The mass spectra resembled those of (E)-N-(3-methylbutyl)-1-phenylmethanimine ( Fig. 1C; Table 1 ), but with a shift of the intense ions m/z 91 and 118 in the latter to m/z 92 and 119 in the newly identified pear compounds (Harig et al. 2017) . This shift suggested the target compounds to be imines, derived from 3-pyridinecarboxaldehyde present in the pear volatiles. Our structural proposal was verified by synthesis of the imines derived from 2-and 3-methylbutylamine and 3-pyridinecarboxaldehyde. Comparison of the synthetic material with the unknown compounds revealed them to be (E)-N-(2-methylbutyl)-and (E)-N-(3methylbutyl)-1-(pyridin-3-yl)methanimine, respectively. These compounds have a fruity odour and do not explain the ammonia-like odour of the flowers.
Electrophysiological analysis
Antennae of A. mellifera responded 19 times, to overall 22 partly coeluting compounds ( Fig. 3 ). Of these components, 17 were categorised as floral volatiles (Table 1) , whereas five were mainly released from leaves (Table 2) . Linalool, methyl benzoate, 4-oxoisophorone, 2-aminobenzaldehyde and N-(3-methylbutyl)-1-phenylmethanimine, (E)-β-ocimene + lavender lactone (leaf volatile), and methyl salicylate (leaf volatile) were EAD-active in all 14 bee individuals. Six other compounds were active in more than 70% of the bees tested, including the two novel compounds. Among the EAD-active compounds were main (e.g., linalool + methyl benzoate) as well as minor compounds (e.g., lilac alcohols, (E)-N-(3-methylbutyl)-1-phenylmethanimine). Together, the EAD-active compounds contributed in the mean (among cultivars) 53% to the total scent emitted.
Discussion
We found that flowers of Pyrus communis cultivars emit a wide range of volatile compounds. Many of them have not been identified in the previous studies on plant scents in pear. The antennae of honey bees were sensitive to 17 of the 108 floral compounds, which suggests that only a fraction of the olfactory phenotype is involved in signaling between pear flowers and the honey bee. Two of the EAD-active volatiles were not known from nature before and, therefore, identified as new natural compounds.
Despite being from different cultivars, the different samples were qualitatively quite similar, with many of the 108 detected compounds occurring in all samples/cultivars (Table 1) . More variable, however, were the total amounts and the relative scent patterns among samples (Table 1 , Fig. 2) . Future work should test, by analysing the scent of various individuals per cultivar, whether the observed variability among samples is due to a true cultivar effect or other reasons, such as the age of flowers. Pear (floral) volatiles were once investigated before (Baraldi et al. 1999) . There is only a very limited overlap in the number, amount, and identity of volatiles described previously and in the present study. Compared to Baraldi et al. (1999) , we found a 4-fold higher number of compounds and a 100-fold higher amount of scent trapped per flower. Except for linalool, no compound was common to both studies. Thus, except for this monoterpenoid, all other compounds are described here for the first time as floral volatiles of pear. One other monoterpenoid detected in the present study; however, (E)-β-ocimene was described as a leaf volatile in pear by Miller et al. (1989) . We also detected this compound in our leaf samples; however, we classified it as floral volatile, as it occurred in much higher quantities (17-fold) in floral than in leaf samples. Differences between the two pear flower scent studies might be due to a cultivar effect. This, however, is unlikely in this case, because we only found quite small differences in scent among the various cultivars/trees studied. Instead, we believe that the enormous differences in the scent profiles detected are due to a different method of collecting the scents. While in the present study, volatiles were collected from single flower clusters that were enclosed in small oven bags on the tree, Baraldi et al. (1999) sampled the whole tree (full in bloom) in a 300 L Teflon chamber. From this chamber, they collected 3-6 L of the air (1-2% of the air available in the chamber) enriched with the volatiles released from the tree, and thus, a similar amount of the air, as we did (3-4 L). Given that we collected air enriched with the volatiles from a much smaller volume (after bagging c. 1 L), we were much more effective in quantitatively trapping the floral volatiles. This seems to be the main reason for the strongly different results of the two studies. As both studies used similar adsorbents (Carbotrap B and Tenax-TA in our study versus Carbotrap C and Carbotrap in Baraldi et al. (1999) ) and thermally desorbed the Table 1 Table 2 EAD-activity of vegetative pear volatiles in antennae of Apis mellifera. The number of runs (n) performed with samples of the different cultivars is also given. The numbers (No.) ahead of the compound names correspond to numbers, as given in Fig. 3 samples, other methodological parameters had likely only minor effects on the differences.
When compared with the review of Knudsen et al. (2006) on floral scent components, it is obvious that some of the compounds released by pear flowers are among the most widespread floral scents [e.g., linalool, (E)-β-ocimene], whereas many others, among them various nitrogen containing compounds [e.g., valine methyl ester, isoleucine methyl ester, (E)-N-(2-methylbutyl)-1-(pyridin-3-yl)methanimine) are less frequently found in floral scents (see also Joulain 1987 for the occurrence of amino acid esters and imines in Sambucus nigra L. flowers] or are described for the first time in nature (see above). Among the compounds rarely found in floral scents is also methyl 2-hydroxy-3-methylpentanoate, which is abundant in pear (see before). To the best of our knowledge, this compound was not described for a Rosaceae species before (Knudsen et al. 2006; El-Sayed et al. 2018; El-Sayed 2019) , but is already known from few species of Eupomatiaceae, Nymphaeaceae and Orchidaceae (Knudsen et al. 2006) . The scent of P. communis strongly differs from the scent of other crop plants, though some of the compounds identified in pear do also occur in other crop species. Apple (Malus × domestica) flowers, for example, which are very similar in morphology as pear flowers (MacDaniels 1940), overlap with pear flowers in linalool and (E)-β-ocimene, whereas all other compounds found in pear (Table 1) and apple (e.g., benzyl alcohol, and benzaldehyde) are only found in the respective species (Loughrin et al. 1990; Baraldi et al. 1999; Bengtsson et al. 2001) . Some overlap also exists between pear and wild cherries (Prunus avium), as flowers of both species emit linalool, methyl benzoate, 4-oxoisophorone, lilac aldehydes, and alcohols (El-Sayed et al. 2018 ; Table 1 ).
The antennae of honey bees responded to main and minor scent compounds of pear, and several of these electroantennographically active compounds were not known to cause physiological and/or behavioural responses in (honey bee) pollinators before (e.g., 3-pyridinecarboxaldehyde; Dötterl and Vereecken 2010; El-Sayed 2019). Other compounds, however, were already identified as being electrophysiologically or even behaviourally active in honey bees (e.g., linalool, lilac aldehyde, 4-oxoisophorone; Wadhams et al. 1994; Blight et al. 1997; Jürgens et al. 2014) . The activity of linalool might be related to the chemical and structural similarities of the compound with the honey bee pheromone geraniol, used for food source recognition (Williams et al. 1982; . Overall, it is very likely that olfactory cues in general are involved in communication between pear flowers and honey bees. More specific linalool and all the other EAD-active compounds might be involved in attracting honey bees and other pollinators to pear flowers, and thus, represent an important step in the fruit production of this economically important plant species. Methyl 2-hydroxy-3-methylpentanoate, which was quite abundant in pear, but is otherwise rarely found as floral scent in other plants (see also above), was not EAD-active in honey bee antennae, and therefore, is likely not responsible for olfactory attraction of honey bees to pear flowers. Otherwise, we cannot exclude that more compounds than the ones identified as EAD-active are perceived by the honey bee. We got non-consistent antennal responses from single antennae to other compounds (see, e.g., non-numbered responses in Fig. 1 ). Most of these compounds occurred only in trace amounts in the samples, which might have been too small to consistently elicit antennal responses above the noise level.
In this study, we detected many pear floral volatiles with most of them found in all the cultivars studied. All compounds, except linalool, were identified as pear floral volatiles for the first time. Two compounds, (E)-N-(2methylbutyl)-and (E)-N-(3-methylbutyl)-1-pyridin-3-yl) methanimine, are described as new natural compounds for the first time not only in pear. It is surprising that novel compounds can still be discovered in economically important plants, showing the big gap in our understanding of crop-pollinator and generally of plant-pollinator communication. The two newly identified compounds have a fruity aroma and do not explain the ammonia-like scent of pear. Instead, it seems that a mixture of various other compounds (e.g., 3-methylbutylamine, 3-pyridincarboxaldehyde, methyl 2-hydroxy-3-methylpentanoate) is responsible for the unpleasant scent of the flowers. The new natural compounds, together with several other compounds, were physiologically active in honey bees, and thus, are potentially behaviourally active. The determination of the relative importance of olfactory versus visual cues and the role of single floral scents in attracting honey bees and other pollinators to pear flowers might be the topic of future studies. It also would be interesting to study other potential functions of the volatiles identified in the present study, among them the novel compounds, such as floral filters to exclude other organisms as floral visitors (Johnson et al. 2006; Raguso 2008) or to fight against antagonistic microorganisms (Junker and Tholl 2013) .
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